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Research into compound semiconductors, as with all areas of scientific research, has a relatively short history 
in Mexico. Despite this, however, it is actively and successfully pursued at institutions such as Mexico City’s 
CINVESTAV (Centre for Research and Advanced Studies). Prof. Isaac Hernhndez-Calderbn of the Centre’s 
Physics Department, and director of the MBE group, outlines the ongoing studies of advanced semiconduc- 
tors at CINVESTAV, focusing on the Physics Department, and provides some insights into the status of science 
research in Mexico. 
.ith around 50 professors W and 110 MSc and PhD students, the Physics 
Department is one of the oldest 
and more consolidated depart- 
ments of CINVESTAV (Centro de 
Investigacibn y de Estudios 
Avanzados). Founded in 1961. it is 
also the second oldest institution 
for graduate studies in physics in 
Mexico (see breakout box). Only 
the graduate physics programmes 
of the National Autonomous 
University of Mexico (UNAM), one 
of the largest universities in the 
world, are older, being founded in 
1955 - while most of Mexico’s 
graduate programmes in physics 
were created during the last 25 
years. 
To be a member of the perma- 
nent academic staff at the Physics 
Department, it is necessary to 
have had successful postdoctoral 
experience in an international in- 
stitution, and be accepted by the 
College of Professors. Recently 
the Department granted its hun- 
dredth PhD degree, and more than 
200 students have obtained the 
MSc qualification. On several oc- 
casions b 7 CONACyT (Consejo 
Figure 1. Professors PDiaz, M. Lopez and I.HernaQ?dez-Calderdn (from left to right) in the 
MBE laboratory for the growth of //-VI compounds. 
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National de Ciencia y Tecnologia; 
National Council of Science and 
Technology) has given the highest 
ratings to the postgraduate pro- 
grammes offered by the Physics 
Department of CINVESTAV The 
main research areas are solid state 
physics, high energy physics, 
mathematical physics, relativity, 
nuclear physics and statistical 
physics. Recently. multidiscipli- 
nary projects which involve appli- 
cations of physics in food 
technology and medicine have 
been initiated. 
In the pre-crisis years of 1991- 
1994 (see box), Mexico’s federal 
government substantially in- 
creased its support for science 
and technology. During this peri- 
od. the Physics Department ac- 
quired around US$5 million in 
equipment for different laborato- 
ries. The then Minister of 
Education and now President, Dr 
Ernest0 Zedillo, granted important 
funds to CINVESTAV for the con- 
struction of new buildings for the 
Physics Department, which have 
recently been completed. 
Semiconductor 
research 
Semiconductor research at the 
Physics Department started in 
1973, when Feliciano Sgnchez 
Sinencio (experimental&) and 
Jorge Helman (theoretician) arrived 
0961-1290/98/$19.00 0 1998 
Elsevier Science Ltd. All rights reserved. 
Focus on hfexico 
Figure 2. The growfh chamber is connected through ultrahigh vacuum (UHV) to the analysis 
chamber (right) with capabilities for Auger and XfS spectroscopies, LEED, ion bombardment 
and secondary electron microscopy. - 
with the mission to form a research 
group in solid state physics. Some of 
the initial work looked at the mag- 
netic properties of metals, internal 
photoemission and tmnsport prop- 
erties of semiconductors, electro- 
chromism and xerographic 
discharge. Today. the solid state 
physics section has a wide spec- 
trum of research topics which in- 
clude the growth and 
characterization of semiconductors, 
insulators and superconductors. 
These studies are carried out by 14 
professors, visiting researchers, 
postdoctoral fellows and around 20 
graduate students. Even when in- 
dustry has not shown effective in- 
terest in the development of novel 
technological projects in collabora- 
tion with universities and research 
institutions, the investigations into 
semiconductors at the Physics 
Department have focused on mate- 
rials with potential applications in 
electronic and optoelectronic de- 
vices. 
Experimental facilities 
The Physics Department has re- 
cently moved to modern buildings 
with sufficient space for offices, 
laboratories, classrooms, a library 
and other facilities. The setup of 
several new laboratories is under- 
way. Facilities for growth of thin 
films include close space vapour 
transport (CSVT): hot wall flash 
evaporation (HWFE). radio fre- 
quency (RF) sputtering, chemical 
vapour deposition (CVD), screen 
printing, spray pyrolysis, chemical 
vapour deposition (CVD), liquid 
phase epitaxy (LPE) and molecular 
beam epitaxy (MBE).A comprehen- 
sive range of facilities for optical 
spectroscopy are also available, 
including absorption and reflec- 
tivity (IR-UV), photoluminescence, 
Raman scattering, photoreflec- 
tance, thermoreflectance, elec- 
troreflectance, differential reflec- 
tance, spectral response, pho- 
toacoustic (thermal properties), 
reflectometry, and others. 
An extensive range of tech- 
niques are also on hand for struc- 
tural investigations and surface 
physics, comprising Auger spec- 
\ troscopy (AES), X-ray ;photoemis- 
sion spectroscopy (XPS), reflection 
high energy electron diffraction 
@HEED), low energy electron dif- 
fraction (LEED), scanning tun- 
nelling microscopy (STM), atomic 
force microscopy (AFM). transmis- 
sion and scanning electron mi- 
croscopy (TEM and SEM), energy 
dispersive analysis of x-rays 
(EDAX), electron energy loss spec- 
troscopy (EELS) and X-ray diffrac- 
tion. Electrical properties can be 
investigated using deep level tran- 
sient spectroscopy (DLTS) and by 
measuring resistivity, Hall effect 
and photoconductivity. In addition 
Figure 3. The photoluminescence experimental setup - one of the broad variety of 
techniques employed for the investigation of the optica/ properties of semiconductor 
heterostructures produced by MBE. 
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Figure 4. A bright blue luminescent spot can 
be observed when a ZnCdSe Q W is irradiat- 
ed with UV light from a tie&i laser. The 
picture shows a sample in a He cryostat. 
the department possesses a well- 
equipped chemical laboratory for 
sample preparation. 
Current projects 
One of the semiconductors that 
has attmcted interest is CdTe.This 
II-VI compound has adequate op- 
tical and electrical properties for 
the fabrication of high efficiency 
solar cells. It has been produced 
in the department’s laboratories 
in the form of thin films by several 
deposition techniques such as 
CSVT, RF sputtering, HWFE and 
MBE.The main objective has been 
the production of high quality 
polycrystalline material for the 
elaboration of low cost solar cells. 
Non-stoichiometric CdTe with a 
high level of added impurities (In, 
Sb, 0, N)? as well as related II-VI al- 
loys, have also been studied. A sub- 
stantial body of results derived 
from optical, structural, chemical, 
electrical and thermal studies has 
been obtained and published since 
the early 1980s. While CdTe has 
provided a common interest for 
the semiconductor researchers at 
the Physics Department. research 
is by no means limited to this sys- 
tem, with ongoing projects involv- 
ing a variety of II-VI and III-V 
systems. 
For example, facilities for the 
growth of GaAs and A&Ga,-,As by 
liquid phase epitaxy (LPE) were 
installed around ten years ago. 
Among the main interests here are 
the elaboration of semiconductor 
lasers and high efficiency solar 
cells. Some of the present investi- 
gations involve the determination 
of the optical properties of 
AlxGa,..& in the high Al concen- 
tration range. 
Other current projects are in- 
vestigating defect formation at dif- 
ferent supercooling temperatures; 
the growth of GaInAsSb semicon- 
ductor alloys to be used in infrared 
(IR) detectors for real-time atmos- 
pheric pollutant monitoring: the 
growth and characterization of 
CdTe films prepared by CSVT. and 
of CdInTe, CdTe:O and CdSbTe 
produced by RF sputtering; the 
thermal properties of porous sili- 
con; the use of screen printing in 
the preparation of CdTe-CdS het- 
erostructures; production of CdS 
by chemical bath deposition; and 
nanoparticles of sparked semicon- 
ductors.The Physics Department is 
also involved in the characteriza- 
tion of various structures and ma- 
terials grown at other laboratories: 
GaAs quantum wells (QWs) and 
heterostructures, group IV alloys, 
and ZnCdTe alloys prepared by hot 
wall beam epitaxy. 
As far as theoretical research 
on semiconductors is concerned, 
some of the topics under study 
are: the propagation of thermal 
waves and pulses in semiconduc- 
tors; thermoelectric phenomena 
in bipolar semiconductors; gal- 
vanometric effects in semiconduc- 
tors; tunnelling in QWs; and band 
structure calculations of II-VI 
compounds, alloys, and their sur- 
faces by tight binding methods. 
The MBE group 
One of the important acquisitions 
for the department (with support 
from CONACyT and CINVESTAV) 
came in 1992 in the shape of an 
MBE system for the growth of II-VI 
compounds. It is a Riber 32P ma- 
chine equipped with a 50 keV 
RHEED system, and cells charged 
with Cd, Te, Zn, Se, CdTe, ZnS, In 
and ZnCI, for n-type doping, and a 
plasma source from Oxford 
Research for p-type doping using 
nitrogen. A total of eight cells can 
be used for growth. It is connected 
through ultrahigh vacuum (UHV) 
to an analysis chamber equipped 
with AES. XPS, LEED, secondary 
electron microscopy, Ar ion sput- 
tering and a substrate heater 
(Figure 2). It is the only MBE sys- 
tem devoted to II-VI compounds 
in Latin America. The first films 
were grown in April 1993, and 
around 300 samples have now 
been produced and many more ex- 
periments performed related to 
the growth process.The MBE ma- 
chine was the centrepiece of a 
large project that also included 
equipment for the optical and 
electrical characterization of the 
samples. 
The MBE group has many ob- 
jectives related to the growth of 
heterostructures and low dimen- 
sional systems based on CdTe, 
ZnSe and their ternary and quater- 
nary alloys. Important goals are 
the production of green-blue LEDs 
and lasers based on ZnSe, and the 
modelling of CdTe-based solar 
cells. Fundamental physics of het- 
erostructures and low dimension- 
al systems are also relevant topics 
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Figure 5. Current/voltage characteristics of 
the n-ZnSe/GaAs(lOO) heterostructure 
demonstrating its phofovoltaic properties. 
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the moment, the low oil prices 
are responsible for important re- 
ductions in the federal budget 
which directly impact on the 
support fur science. However, 
there is still an signiticant iner- 
tiid effect from the ‘good years’ 
that abws, although with cUf@- 
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Additionally, a considerable ef- 
fix-t is bekmg made to associate 
industry with the scientific insti- 
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of scientific activity on govern- 
mental policies. 
CfNVESTAV 
‘1 Centro de fnvestigaci6n y 
de Estudios Avanzados (CINVES- 
TAV; Centre for Research and 
Advanced Studies>, with its 
main campus in Mexico City, 
was founded in 1961. It is an in- 
stitution devoted to graduate 
studies illlcf research in a large 
variety of scientific and techno- 
logical disciplines. Research at 
the frontiers of molecular biolo- 
gy, food technology, matbemat- 
its, physics, materials science, 
pharmacology, education, and 
other topics are carried out by 
around 450 carefully selected 
researchers and 1300 graduate 
students distributed in nearly 
30 different departments. A re- 
p”ort by the Organization for 
Eeunomic Cooperation and 
Development (OECD) in 1994 
analysing CINVESTAV rated it a 
world-class institution fur re- 
search and education. 
of study. Particular attention has ZnSe/GaAs( 100) interface, the are responsible for the low life- 
been paid to the study of the opti- backbone of the green-blue LEDs times of the ZnSe-based laser 
cal, structural, electrical and and laser structures. It is well es- structures. Important results have 
chemical properties of the tablished that structural defects been obtained concerning the 
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deep levels in ZnSe, strain effects 
at the ZnSe/GaAs( 100) interface, 
critical thickness and interfacial 
compound formation. The prepa- 
ration and characteristics of 
the GaAs(100) substrate have 
been systematically studied. 
Comparisons of the growth of 
ZnSe on GaAs with and without 
an epitaxial GaAs buffer have 
been carried out. Alternative sub- 
strates such as Si have been used, 
and various buffer layers are cur- 
rently being investigated. Single 
and multiple QWs of Cd,.xZnxSe 
of high structural quality have 
been produced, and studies of 
CdTe and ZnSe QWs are also un- 
derway. Particular attention is be- 
ing devoted to the modelling of 
the geometrical and electronic 
properties of QWs based on their 
optical properties. Attempts since 
1996 to grow quantum dots of 
CdSe have produced results simi- 
lar to those obtained by other 
groups. One of the important find- 
ings is a new type of photovoltaic 
system: n-ZnSe/p-GaAs. Besides 
being a convenient window, ZnSe 
has extended the spectral re- 
sponse towards higher photon en- 
ergies. Work is currently being 
carried out with the aim of im- 
proving its photoconductive 
properties. 
Other semiconductor 
research 
In the Solid State Electronics 
Group within CINVESTAV’s 
Electrical Engineering Department 
there are strong interests in the 
elaboration and study of electronic 
devices (LEDs, solar cells, 
MESFETs, photodetectors) based 
on III-V semiconductors. LPE has 
been employed for the growth of 
GaAs, GaAlAs, GaSb, GaAlSb: while 
CSVT has been used for the prc- 
duction of GaAs and Gal’, and 
MOCVD for the fabrication of 
GaAs, GaAlAs and GaAs/Si. In addi- 
tion, a Czochrdlski system has been 
adapted for the growth of InSb and 
GaSb. Amorphous semiconductors 
and transparent conductive films 
have been also investigated. Some 
of the techniques used for charac- 
terization are SIMS (secondary ion 
mass spectrometry), photolumines- 
cence, spectral response. Raman 
spectroscopy, electroluminescence 
and resistivity. 
At the Applied Physics 
Department situated in Merida (in 
the state ofyucatan), the main em- 
phasis on semiconductor research 
has been on the growth and char- 
acterization of CdTe-based semi- 
conductor thin films. Solid 
solutions of CdTe and CdTe:In,Te3 
with high levels of added impuri- 
ties have been grown by a combi- 
nation of CSVT and free 
evaporation. Chemical liquid 
phase deposition has been used to 
prepare CdS:CdTe heterostruc- 
tures for solar cells, while mag- 
netron sputtering has been used 
to produce CdTe oxide films for 
possible optical applications. 
Some of the characterization tech- 
niques used are ESCA (electron 
spectroscopy for chemical analy- 
sis), SIMS, AES, EDAX, electron mi- 
croscopy, AFM and STM. X-ray 
diffraction, and resistivity and Hall 
effect measurements. X-ray ab- 
sorption fine structure spec- 
troscopy has been used to 
determine the local atomic struc- 
ture around defects or dopants in 
the II-VI semiconductors. 
At the Queretaro campus there 
is a multidisciplinary group study- 
ing a large variety of materials, 
from hard coatings to instant corn 
flour for tortillas. Concerning 
semiconductors, they study the 
electrical, optical and thermal 
properties of AlGaAs, Ge:Te:Sb al- 
loys, sputtered carbon films, SK>, 
produced by the sol-gel method. 
and CdTe:Cu produced by RF 
sputtering. At CINVESTAV’s Gua- 
dalajara site there are facilities for 
the design of ICs, and some of 
these have been commercialized 
by the IHM subsidiary AMRRA and 
AT&T Paradyne. 
There are other institutions in 
Mexico dedicated to semiconduc- 
tor research, such as the School 
of Physics and Mathematics 
of the National Polytechnic 
Institute (ESFM-IPN), the Institute 
for Research in Optical 
Communication and the Institute 
of Physics of the Autonomous 
University of San Luis Potosi 
(IICO- and IF-UASLP): the Institute 
of Physics of the Autonomous 
IJniversity of Puebla (IF-UAP); the 
Institute of Physics and the 
Institute of Materials Research 
of the National Autonomous 
llniversity of Mexico (IF- and 
IIM-UNAM); the School of 
Sciences of the University of 
Sinaloa (ECFM-UAS); the School of 
Physics and the Centre for Physics 
Research of the University of 
Sonora (EF and CIFUS-UNISON): 
and others. Most of these institu- 
tions have important experimen- 
tal and human infrastructures, 
and carrv out innovative 
investigations. 
All of Mexico’ s semiconductor 
researchers have a number of 
common aims: to contribute to 
the improvement of our social en- 
vironment; to apply the acquired 
knowledge, expertise and experi- 
mental results in technological ap- 
plications; and to contribute to 
the generation of high level hu- 
man resources. We are conscious 
that nowadays we have to partici- 
pate and compete in a global vil- 
lage, with many of the limitations 
of a developing country; however. 
we feel able to collaborate in joint 
ventures with companies, indus- 
trial laboratories and educational 
institutions in an international 
scenario. 
Contact: 
PPO$ Isaac Hernhdez-Caiderdn 
Physics Dept 
CINVESTAV 
Ave. IPN 2508 
07000 Mexico. DF 
Mexico. 
Tel: +52-5-747 3828; 
pax: +52-5-747 7096: 
e-mail: ihernand@fis.cinvestav.mx 
URL: www.fis.cinvestav.mx/-mbe 
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